We demonstrate the fabrication of an all-dielectric omnidirectional mirror for visible frequencies. The dielectric ref lector consists of a stack of 19 alternating layers of tin (IV) sulfide and silica. Using a combination of thermal evaporation (for tin sulfide) and thick electron-beam evaporation (for silica), we have achieved a refractive-index contrast of 2.6͞1.46, one of the highest refractive-index contrasts demonstrated in one-dimensional photonic bandgap systems designed for the visible frequency range. The tin sulfide -silica material system developed allowed the formation of a broadband visible ref lector with an omnidirectional range greater than 10%. Possible applications of the system include efficient ref lectors, high-frequency waveguides for communications and power delivery, and high-Q cavities.
Owing to its periodic dielectric structure, a dielectric crystal with a complete three-dimensional photonic bandgap can restrict light from propagation regardless of the direction of the wave vector for a specif ied frequency range and all polarizations. A considerable effort is under way to make three-dimensional photonic crystals at visible frequencies by use of a variety of techniques that rely on self-assembly or nanofabrication. 4, 5 Creating structures with a photonic bandgap in the visible regime requires in most cases a characteristic feature size of the order of 100 nm. This requirement renders the fabrication of a structure with a complete photonic bandgap in the visible regime complex and costly.
The complications associated with three-dimensional photonic crystals have led to the pursuit of alternative strategies that employ structures that have incomplete bandgaps but are nevertheless much simpler to fabricate. In these structures electromagnetic energy confinement is achieved by the geometry of the cavity and the refractive index of the confining medium. An example of such a structure is the omnidirectionally ref lecting, 6 -8 one-dimensional photonic crystal. This simple structure can be shaped to confine light in cavities or in waveguides.
The f irst dielectric omnidirectional ref lector fabricated with a polystyrene-tellurium material system was tuned to ref lect light in the infrared frequency. 7 Here we extend the previously presented work and develop a new tin (IV) sulf ide-silica material system that operates in the 600-800-nm wavelength range.
High refractive-index contrast is essential to the formation of large photonic bandgaps. 9 However, in the visible frequency range, the lower values of electronic and ionic polarizability lead to an inherently low refractive-index value for most materials. Here, tin sulfide has been chosen as the high-refractive-index material (n b ϳ 3.0 at 600 nm for a bulk crystal 10 ). From an extensive list of materials, tin sulfide seems to have the highest refractive index in the visible frequency range while at the same time being optically low loss. Tin sulfide exhibits very low absorption below its characteristic 2.2-eV (590-nm) band edge. 11 Also, tin sulfide is easily amenable to thin-f ilm deposition. 12 Recently, the high refractive index of tin sulf ide was used to make inverted opal structure photonic crystal f ilms for use in the visible regime. 13 Here, silica ͑n ϳ 1.46͒ has been chosen as the low-refractive-index material, as it has been extensively studied and used in the past to make thin films.
The tin (IV) sulf ide-silica structure used to construct the omnidirectional ref lector is depicted in Fig. 1 . The structure prof ile describes layer thicknesses h 1 60 nm and h 2 110 nm and refractive indices n 1 2.6 and n 2 1.46 for tin sulfide and silica, respectively. A refractive index of n 1 2.6 for thin-f ilm tin sulfide (as opposed to a refractive index of n b 3.0 for the bulk crystal), as measured according to standard techniques, has been used. 14 A lower value of the refractive index in thin films than in the bulk crystal is usually observed. 15 The band structure 7 of the tin sulf ide-silica system is presented Fig. 1 . Schematic of the multilayer system, showing the layer parameters (n a and h a are the index of refraction and the thickness of layer a, respectively), the incident wave vector k, and the electromagnetic mode convention. E and B are the electric and magnetic f ields, respectively.
in Fig. 2 . The theoretically calculated values of v h and v l that define the omnidirectional band edges 7 of the tin sulf ide-silica system correspond to 630 and 710 nm. The characteristic dimensionless parameter h 2͑v h 2 v l ͒͑͞v h 1 v l ͒, which quantifies the extent of the omnidirectional range, has a value of h ϳ 13% of our system.
When constructing an omnidirectional ref lector for the visible frequencies, one faces a number of challenges. Very thin layers (individual layers of ϳ100 nm) need to be deposited for fabrication of these dielectric structures. (At infrared frequencies the layer thickness is ϳ1 mm.) The lower dielectric contrast available at optical frequencies requires that a large number of layers be deposited
To fabricate 19 alternating layers of tin sulf idesilica structure, we deposited the two materials sequentially, using separate vacuum-deposition chambers. The tin sulf ide (99.5%; Strem Chemicals) was deposited by a thermal evaporator (CVC) at 10 26 Torr and 10 A to yield a 80 6 5-nm-thick layer on a 22-mm square glass substrate (V WR glass coverslip). The layer thickness and deposition rate were monitored in situ with a crystal-thickness monitor (Sycon STM100). To verify the stoichiometry of the tin sulfide thin film, we characterized a single layer (250 nm) of the vacuum-deposited material, using Rutherford backscattering (RBS). In Fig. 3 , the experimental prof ile of the RBS spectrum is presented, and it is in good agreement with the theoretically predicted prof ile for SnS 1.85 . The RBS spectrum suggests a deviation from stoichiometry for the thin f ilm; however, the deviation is very small to affect the optical properties significantly, as can be seen from the ref lectivity measurements of the multilayer f ilms. The silica was vacuum deposited by use of an electron-beam evaporator (NRC; 119) at 5 3 10 27 Torr at power levels of 10 kV and 0.05 kA to produce a 115 6 10-nm-thick layer. The layer thickness and deposition were monitored in situ by a built-in crystal monitor (Filtech). The 19-layer structure was characterized by cross-sectional scanning electron microscopy (with a field emission gun scanning electron microscope; JOEL), and the micrograph is presented in Fig. 4 . The rms surface roughness measured with a profilometer was ϳ30 nm (thickness of the 19-layer structure, ϳ2 mm).
Several interesting observations are made based on looking at the mirror with the naked eye. The thin-f ilm mirror has a golden appearance in white light, both at normal incidence and at oblique angles of incidence. When the mirror is held against white light, it allows blue-green light to be transmitted through it.
The optical response of the dielectric mirror has been designed to have high ref lectivity in the 600-800-nm region for any angle of incidence (in the experiment we measured from 0 to 70 ± ). The response was measured with an ultraviolet-visible -near infrared spectrophotometer (Cary 500; Varian) fitted with a polarizer. Normal-incidence ref lectivity measurements were made with a spectral ref lectance accessory, and the Fig. 2 . Projected band structure of a multilayer f ilm, together with the light line, showing an omnidirectional ref lectance range in the f irst harmonic. Propagating states, light gray; evanescent states, white; omnidirectional ref lectance range, black. The film parameters are n 1 2.6 and n 2 1.46, with thickness ratio h 2 ͞h 1 115͞80 for the tin sulf ide -silica system. Finally, a demonstration of an omnidirectional visible mirror is presented. The materials and processes were chosen for their low cost and applicability to large area coverage. Optically, the mirror has a golden appearance and omnidirectional ref lectivity for a broad range of visible frequencies and at the same time is low loss. The tin sulf ide-silica material system has opened up a vast number of avenues for both research and practical applications. The visible mirror can potentially be used for high-frequency communications waveguiding (as an all-dielectric coaxial cable 18 ), whereas up to now the operation of material systems had been restricted to frequencies in the infrared. The omnidirectional mirror can provide ref lection calibration standards for all angles in experimental optics, as it combines the properties of low loss and omnidirectionality. Another use of an omnidirectional mirror could be in fabrication laser cavities to get very low threshold lasers. A vast number of other potential applications exist. Besides these applications, there is also the truly unique aesthetic appeal of being able to perceive a ref lection from a low-loss omnidirectional structure.
